APPARATUS, METHOD AND ARTICLES OF MANUFACTURE 
FOR SEQUENTIAL LOBING HIGH RESOLUTION RADAR 

FIELD OF THE INVENTION 

[0001] The field of the invention concerns systems for determining bearing and velocity 
information for an object using phase discriminating radar, and more particularly to apparatus, 
methods, and articles of manufacture that utilize sequential lobing radar signals for determining 
bearing and velocity information for an object. 

BACKGROUND OF THE INVENTION 

[0002] Proximity sensors of various types are used in a variety of applications in which the 
distance to an object and, in some circumstances, the velocity of that object relative to the sensor 
are to be determined. This data can be provided to a processing system that analyzes the 
received data and determines if a safety threshold has been exceeded. If a safety threshold has 
been exceeded, the processor can determine if an alarm is to be set or other action taken. 
Proximity sensors are used, for example, in a variety of applications that can include burglar 
alarms, obstacle detection, and automobiles. Proximity sensors in automobiles can be used to 
determine the relative position and relative velocity of other automobiles or objects in the 
vicinity of the automobile. In an automobile system this position and velocity data may be used, 
for example, to adjust the velocity of the automobile while operating imder cruise control, to 
apply a portion of the available brake energy to slow the vehicle down, or to provide an auditory 
or visual alarm indication to the driver. 

[0003] It is also beneficial in these systems to be able to determine the bearing at which the 
object is approaching the automobile. The sensor must also be physically small, lightweight, 
highly reliable, and low cost. The system requirements for these sensors are often quite stringent 
both in terms of the technical performance of the sensor and in the physical and economic factors 
as well. The more complex the sensor, the larger the parts count, and concomitantly, the higher 
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the cost, the higher the mass, the larger the physical volume of the sensor, and the lower the 
reliability of the sensor, 

[0004] Therefore, it would be advantageous to provide a sensor system that is able to 
discriminate objects that are within a specified range fi-om objects that are outside of this range, 
and that is able to determine the bearing at which objects are approaching the automobile. 

BRIEF SUMMARY OF THE INVENTION 

[0005] Embodiments of the invention include a sensor system that is able to discem objects 
based on their range firom the sensor. The sensor system may include a signal source for 
generating a source signal; an antenna system for transmitting the source signal to and receiving 
a reflected signal from the object; wherein the antenna system is configured for introducing a 
phase shift into either the source signal or the reflected signal to create a plurality of signal 
patterns; and an information processor programmed to receive the reflected signal and to 
determine bearing information for the object based on position and phase information in the 
plurality of signal pattems. 

[0006] Bearing information may be determined by receiving a signal reflected firom the 
object, wherein the signal has a reference signal pattern and an error signal pattern produced by 
introducing a predetermined phase shift into a portion of the signal; determining a reference 
amplitude and phase and an error amplitude and phase fi"om the signal; determining a phase 
difference between the reference phase and the error phase, the phase difference having a sign of 
positive or negative, or a phase difference of zero; and calculating the bearing information using 
the reference amplitude, the error amplitude, and the sign of said channel phase difference. 

[0007] Other forms, features and aspects of the above-described methods and system are 
described in the detailed description that follows. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] The invention will be more fully understood from the following detailed description 
taken in conjunction with the accompanying drawings in which: 

[0009] Figures l(a)-(b) illustrate an embodiment of a high resolution radar system. 

[0010] Figures 2(a)-(c) illustrates embodiments of an antenna. 

[0011] Figure 3 illustrates a reference and error signal pattem. 

[0012] Figure 4 illustrates a derivation of an inverse ASR function from simulated antenna 
pattem data. 

[0013] Figure 5 illustratesthe calculation of the bearing of an object. 

[0014] Figure 6 illustrates phase difference versus error angle. 

DETAILED DESCRIPTION OF THE INVENTION 

[0015] A high resolution radar ("HRR") system is disclosed that is able to determine the 
bearing, distance, and velocity of objects utihzing sequential lobing of the radar signals. Bearing 
determining capability is added to the HRR system without the need of an additional IQ-mixer. 
In one embodiment, the transmitting and/or receiving antenna may be replaced by a switchable 
antenna array. The signal wave characteristic may be switched sequentially between at least two 
different patterns, such as a reference pattem and an error pattem. A switchable phase shifter 
may be used, for example, between two antenna arrays to create 0° and 180° phaseshifts, 
resulting in these reference and error signal patterns. These resulting pattems may have a 
focused beam at bore sight and a notch at bore sight, respectively. Using monopulse theory, it is 
possible to extract bearing information by processing the retum signals of both sensor stages. 
Smart signal processing enables defining a object area proximity. 

[0016] Turning to the embodiments illustrated in Figures l(a)-(b), an HHR architecture (146) 
used with the invention may incorporate a modulator driver (102), as shown, as the input to a 
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transmit gate (106) and a receive gate (116). The pulse repetition frequency generator (PRF), 
i.e., modulator driver (102), may send a signal to both the transmit and receive channels of the 
HRR system. The transmitter channel may generate a transmission signal via pulse modulator 
(108), while the signal delivered to pulse modulator (122) of the receive channel may be delayed. 
The use and operation of the HRR architecture may be as further described in U.S. Patent No. 
6,067,040, hereby incorporated by reference herein. 

[0017] The pulsed nature of the transmit signal as well as the input at the local oscillator 
from the pulse modulator may be affected by the mixing of the signals from the modulator driver 
(102), delayed in the case of the receive channel, with the output of the continuous wave source 
(118). Continuous wave source (118) may be preselected depending on application, but it is 
anticipated that the frequency of the continuous wave source (118) is in the microwave to 
millimeter range, for example, approximately 24 GHz in frequency. 

[0018] Output from the receive channel pulse modulator (122) may be used to generate the 
local oscillator signal that is mixed with the received signal from the reflection from an object at 
a given range R. In an application where the object is moving with respect to the radar system, 
the delay may remain fixed, commensurate with a given range, or the range may be 
electronically varied to effect range scanning or object tracking. The Doppler signal may be 
recovered via multiple samples of the signal present at a particular range. 

[0019] Continuous wave source (118) may emit a continuous wave signal to pulse modulator 
(108), which may be mixed or multiplied with input from a signal from a modulator driver (102). 
This signal may be passed through a band pass fiher (BPF) (110), and then transmitted by 
transmission antenna 140. In one embodiment, transmission antenna 140 comprises signal 
splitter (112) connected to array (114) and array (126), and splitting the source signal 
therebetween. A switchable phase shifter (124) may be included between switch (112) and array 
(126) in order to altematively shift the phase of the signal transmitted from array (126) relative to 
array (1 14), such as between by 0° and 180°, for example, to create the aforementioned reference 
and error signal pattems. Altematively, signal splitter (112), array (114), array (126), and phase 
shifter (124) may be incorporated into receiving antenna (148). Those of ordinary skill in the art 
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will also appreciate that a single antenna may be used for both transmitting and receiving, and 
that the invention is not limited. 

[0020] One manner in which the antennas may be configured is illustrated in Figures 2(a)- 
(c). Li the general embodiment as shown in Figure 2(a), the antenna system may comprise a 
plurahty of antenna components 202 and 204. For example, a feed network of an aperture 
coupled patch antenna array may comprise two rows of array elements. Of course, the invention 
is not limited. A power splitting device (208) (such as a transformer, hybrid, etc.) may be used 
to define an amplitude ratio between the two antenna components and to impedance match 
antenna (140) (Figures l(a)-(b)) to the input terminal. A portion of the energy at the input 
terminal may be split into (or received from) antenna component (202), while the remaining 
portion of the of the signal energy may reach second antenna component (204) with an absolute 
phase difference of, for example, either 720° or 900°, (with a relative phase difference of 0° or 
180°), depending on the system design. 

[0021] Phaseshifting may be accomplished in this embodiment using a phaseshifter (212), 
which may be controlled by switch (210). Switch (210) may be controlled, for example, by 
signal processing unit (142) (Figures l(a)-(b)) in a conventional manner, such as by using 
appropriate switching transistors and biasing circuitry. Phaseshifter (212) is not particularly 
limited and may comprise any component capable of introducing a phase shift into the 
transmitted or received signal, such as a 180° rat race formed from a microstrip, a coaxial phase 
shifter, a switched waveguide elements, etc. 

[0022] Some altemative, particular embodiments of this general embodiment are ftirther 
illustrated in Figures 2(b) and 2(c). Figure 2(b) illustrates a serial approach to the antenna 
system. As shown in Figure 2(b), in this embodiment, antenna component 202 may be split into 
two components. For example, one half of the array power may be passed to each of antenna 
components 202 and 204. One quarter of the antenna power maybe split among two portions of 
antenna component 202. Figure 2(c), illustrates a parallel approach to the antenna system. In the 
embodiment shown in Figure 2(c), one half of the power is equally split across the two antenna 
components. 



5 



[0023] Returning to Figure 1, the output of pulse modulator (122) may be input to a second 
power splitter (130) of I,Q mixer (144), which may input a signal to a first mixer (128) and a 
second mixer (134). A quadrature power splitter (136) may be connected to antenna (138), 
which receives the reflected signal from the object. Those of ordinary skill in the art will 
appreciate that antenna (138) is not particularly hmited, and may comprise any antenna or 
antenna array capable of receiving the reflected signal in the manner of the invention, such as a 
switchable, phaseshifting antenna, as described above. Quadrature power splitter (136) may 
have a relative phase shift of nil radians, or a minus 90° phase shift. This results in the signal 
into mixer (134) being shifted by nil relative to the mixer (128). The output from mixers (128) 
and (134) may be fed into the I-channel and Q-channel of the receiver, respectively. The use of 
quadrature detection systems in general is known in the art and is described in more detail in the 
aforementioned U.S. Patent No. 6,067,040. 

[0024] The quadrature signals from I-channel and Q-chaimel may be inputted to signal 
processing unit (142). Signal processing unit (142) is capable of receiving and processing the 
quadrature signals. While the components of signal processing unit (142) are not limited, they 
may comprise, for example, a microprocessor (such as a digital signal processor), timing circuits 
and memory, such as in an integrated circuit, which are programmed to process the quadrature 
signals (such as by software incorporating fast Fourier transforms), although not limited thereto. 

[0025] All of the HRR radar components for the various elements in the high resolution HRR 
radar system may be semiconductor based, with the exception of the antenna, although the 
invention is not limited thereto. Furthermore, the various implementations may include 
monolithic and heterolithic, glass based, and the like - other devices well known to the those of 
ordinary skill are also envisioned. For example, microwave source (118) may be realized in a 
number of frequency bands using GUNN, bipolar or gallium arsenide transistors, all of which are 
commercially available. The microwave source is usually a very important component from 
both a performance and cost perspective. 

[0026] The receiver mixers (128, 134) may make use of Schottky diodes, which may be 
based in silicon or gallium arsenide. Several mixers in a number of frequency bands are 
commercially available for this purpose, and are well known to one of ordinary skill in the art. 
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The various gating elements, amplifier elements and filter elements as well as the detector for the 
device as shown in the figures may comprise standard devices well known to one of ordinary 
skill in the art. Furthermore, the transmit and receive antennas may be formed from standard 
antenna arrays well known to one of ordinary skill in the art. Pulse modulators (108, 122) may 
comprise an RF switch utilizing field effect transistor (FET) switches, Schottky diodes, PIN 
diodes, etc., which are switched to an off mode using the narrow pulse developed by the step 
recovery diode. The drive to the step recovery diode may be generated by a low cost CMOS 
inverter available in surface mount device form at a substantially low cost in volume. The RF 
switch may be implemented using 0.10, 0.25, or 0.5 micron FETs, depending upon the 
application frequency. 

[0027] Signals transmitted and/or received by the system may have altemate reference and 
error pattems that are phase shifted by 180° in the manner previously described. An example of 
these pattems, is illustrated in Figure 3. In the first stage pattem, the signal energy is 
substantially focussed towards the bore-sight. In the second stage, a deep notch is provided at 
0°. Having a pole at 0"" provides the significant advantage of distinguishing the object position 
on the left or right side of the sensor. The reference pattem may be obtained by feeding both 
antenna rows in phase, while the error pattem may be gained by one row with a wave that is 1 80° 
out of phase with the other. 

[0028] Transmitted signals are reflected from the object and received by antenna (138). The 
reflected wave signals are split into quadrature signals and provided to signal processing unit 
(142), as described above. The signal information may then be processed, for example to detect 
the presence of a target object, its range, its error angle, 0, and the complex ampUtude of the 
target for both the reference and error channels. An example of how this may be accomplished is 
also discussed in the aforementioned U.S. Patent No. 6,067,040. 

[0029] The bearing information for the object may be determined using calculations based 
upon the theory of an amplitude sensing monopulse, which may be programmed into signal 
processing unit (142). The amplitude characteristic (e.g., magnitude) of the antenna pattem may 
then be used to determine the angular position of the detected object. Because the reference and 
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error signal patterns are symmetric around the boresight axis, the phase conditions of the signal 
may be used to obtain the sign of the target angle, 0, and determine the bearing of the object. 



[0030] An additive sensing ratio ("ASR") for the measurement of the target angle, 0, may be 
determined from the equation: 

^¥~ri~ Equation 1 

where Serr and Sref correspond to the magnitudes of both the sum and difference channels, 
respectively. 

[0031] Thus, the ASR function is directly proportional to the target angle, 0. Accordingly, 
the inverse of the ASR function is needed to derive the angle information from the amplitudes of 
a target. Because the inverse ASR function cannot be described in an unique mathematical 
equation, it is necessary to build a look-up table with real measured data. A sample derivation of 
the inverse ASR function from simulated antenna pattern data is illustrated in Figure 4. 

[0032] As can be seen above, the ASR function does not provide any information about the 
sign of©. However, the phase characteristics of the antenna patterns may be used to accomplish 
this. Once a target has been detected and the complex pointers of both error and reference 
channel are available, the difference in phase (5) between those two pointers may be calculated. 

[0033] The following equations illustrate the relationship between 5 and ©: 

Equation 2 

where (p = phasing of feed and A = retardation, and 

B^be^^"^^^ Equations 

where 5 = phase difference = 180° = 7i, and 

sin 0 = — 
d 

^r^d%\ne Equation4 



Equation 5 

where d = the distance between the antenna components and X = signal wavelength. 
[0034] Inserting equation 4 into equation 5 yields: 

A = 2-^-ySine Equation6 
[0035] Inserting equation 6 into equation 2 yields: 

a*e Equation 7 

[0036] When A and B are of equal amplitude, combining equation 7 with equation 3 yields: 

= a-[cos{fl!>+;r) + /'S!n(«i> + /r)] + <i[cos(^>--2-;r~sm©) + 7-sin(a?-2-;r • — 

A A 

= a[cos(^ 4- ;r) H" cos(q> 2 • ;r • 4 ' sin 0) + jisindp + ^r) + sin(^ - 2 • ;r 4 * sin 0))] 

A Equation 8 

where the phase component of equation 8 is: 

sin(^ + 71)^ sin{(p - 2 vtt — * sin 8) 

arctan ^ 

co&i^ -h ;r ) -h cos(^(^ - 2 • tt • — * sin ©) Equation 9 

where, when cp = 0 and d/X^Yi, then equation 9 simplifies to: 

arctan — Equation 10 

cos(-;r*sin 9)-l 



[0037] These calculations are illustrated in the diagram shown in Figure 5. 

[0038] Equation 10 illustrates that the sign of the phase difference indicates the sign of the 
target's angle. This is shown graphically in Figure 6. Thus, the bearing information for a target 
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object may be determined completely by determining the amplitude of the monopulse signal, and 
then determining the sign of the target's angle using the phase difference between the first phase 
signal and the second phase signal, such as in the manner described above. 

[0039] The invention provides numerous advantage over the systems of the prior art. For 
example, the invention provides advantages over other forms of monopulse radar with minimxmi 
impact to the HRR sensor architecture itself In addition, less board space is required to add the 
bearing functionahty. 

[0040] While the invention has been described by illustrative embodiments, additional 
advantages and modifications will occur to those skilled in the art. Those of ordinary skill in the 
art should appreciate that variations to and modification of the invention, including but not 
limited to wireless communication between and among any of the components referred to herein 
or equivalent. For example, other applications that may be used with this system include 
automatic doors, sanitary facilities, ground speed indication, automotive blind spot and parking 
aid sensors, electronic fences, security systems, navigation devices, and altimetry. This list is for 
purposes of example and is not intended to be in any way exhaustive.. The invention in its 
broader aspects is not limited to specific details shown and described herein. Modifications, for 
example, to type and number of antenna, controllers, signal splitters, phase shifters, and sample 
points may be made without departing from the spirit and scope of the invention. Accordingly, it 
is intended that the invention not be limited to the specific illustrative embodiments, but be 
interpreted within the full spirit and scope of the appended claims and their equivalents. 
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